G lycosylation is the most common form of posttranscriptional modification of proteins, with over half of all proteins estimated to contain one or more glycan chains. 1 In wet-surfaced epithelia, the roles of glycan chains are varied. Glycans confer a hydrophilic character to mucins on epithelial cell surfaces, 2 are essential in maintaining epithelial barrier function, 3 and modulate cell surface receptor activation. 4 An extensive list of genes-generically named glycogenes-is responsible for the biosynthesis of glycoconjugates and includes glycosyltransferases, glycolytic enzymes, sugar nucleotide synthetases, sugar nucleotide transporters and, in a broader sense, sugar-chain recognizing molecules, and glycoconjugates themselves. 5 Despite the importance of glycans to maintaining a wet-surfaced phenotype, little is known about the glycogene profile of normal human ocular surface epithelia or whether there is an alteration of this profile in drying ocular surface diseases.
Within the extensive repertoire of glycoconjugates present in self-renewing epithelia, glycosylated cell surface receptors, such as the Notch family of single-pass transmembrane proteins, have received attention in recent years because of their involvement in cell differentiation. Notch receptors contain a large extracellular domain with many epidermal growth factor-like repeats that are glycosylated with O-fucose and Oglucose glycans as well as N-glycans. 4 To date, four Notch receptors (Notch1 to Notch4) have been identified in mammals, with five corresponding ligands: Delta1, Delta3, Delta4, Jagged1, and Jagged2. 6 Notch-mediated intracellular signaling is triggered by direct cell-cell interaction between Notch receptors and their ligands on adjacent cells. 7 In mucosal surfaces such as the gastrointestinal tract, the Notch signaling pathway is fundamental to cell lineage commitment and appears to regulate the differentiation of postmitotic epithelial cells. 8 Inactivation of all Notch/ligand interactions by specific deletion of the O-fucosyltransferase 1 gene (Pofut1) in intestinal and colonic epithelial cells in the mouse results in enterocolitis. 9 Dry eye is a multifactorial disease of the ocular surface that is prevalent in women and that results in symptoms of discomfort, visual disturbance, and tear film instability, with potential damage to ocular surface epithelia. 10 At the histopathologic level, the ocular surface of patients with dry eye shows increased proliferative activity, 11 reduced number of conjunctival goblet cells, 12 and, in late stages, the loss of the wetsurfaced phenotype and keratinization. 10 Several reports have identified alterations in specific glycosyltransferases and glycoconjugates on the ocular surface epithelia of patients with dry eye, [13] [14] [15] but to date no comprehensive study has been carried out on the overall expression of glycogenes in these patients. The purpose of this study was to identify the glycogene expression profile of human conjunctiva in normal subjects and patients with dry eye disease, using a custom-designed glycogene microarray.
METHODS

Subject Selection
This study was performed in accordance with The Schepens's Institutional Review Board and informed consent was obtained from all participants. All participants were treated in accordance with the Declaration of Helsinki. All prospective subjects completed an institutional review, board-approved questionnaire regarding the presence, 
Sample Collection and RNA Extraction
Conjunctival epithelial cells were obtained by impression cytology from the bulbar conjunctiva, using nitrocellulose membranes as described. 18 Total RNA was extracted from the membranes using a chemical reagent (TRIzol; Invitrogen, Carlsbad, CA) and purified (RNeasy columns; Qiagen, Inc., Valencia, CA). Amount of total RNA was determined using a spectrophotometer (Nanodrop ND-1000 UVVis; NanoDrop Technologies, Wilmington, DE). Samples with a minimum 30 ng/L and 260/280 ratio between 2 and 2.1 were considered adequate for microarray analysis. Nine normal samples were divided into three groups, each group containing three individual samples. The samples in each group were then pooled and used for microarray analysis. Nine dry eye samples were divided and pooled for microarray in the same manner. Additionally, six normal and six dry eye samples were used in real-time PCR experiments.
RNA Labeling and Chip Hybridization
The RNA sample quality was checked with an analysis platform (Agilent Bioanalyzer; Agilent Technologies; Palo Alto, CA). RNA from each preparation was labeled using an amplification kit (MessageAmp II-Biotin Enhanced Amplification Kit; Ambion Inc., Austin, TX). Hybridization to the custom-designed gene chip microarray (GLYCOv3; designed by the Consortium for Functional Glycomics and includes probes for 1268 human gene transcripts; http://www.functionalglycomics.org/static/ consortium/resources.shtml), was performed according to Affymetrix's recommended protocols. The microarray chips were scanned using a targeted genotyping system (Affymetrix GeneChip Scanner 3000; Affymetrix, Santa Clara, CA). Chips had a background less than 50 intensity units and a GAPDH 3Ј/5Ј ratio of less than three. Robust multichip average (RMA) was used to convert the intensity values to expression values. 19, 20 RMA consists of a three-step approach that uses a background correction on the Perfect Match (PM) data, a quantile normalization, and summarizes the probe set information by using Tukey's median polish algorithm. ANOVA was performed using BRB array tools. BRB utilizes multivariate permutation tests to ensure that the number or proportion of false discoveries is controlled; it is effective when the number of samples is limited. The list of significant genes from the ANOVA was filtered such that the P-value cutoff was lower than 0.05, and the ratio of expression (dry eye to normal) would be greater than 1.2 for upregulated genes and 0.8 for downregulated genes. The false discovery rate (FDR) was calculated using the Benjamini-Hochberg method. FDR is an approach to the multiple comparisons problem. Multiple testing is a classic problem for high-dimensional data sets, such as microarrays (which monitor the expression level of thousands of genes simultaneously) that could give rise to many false positive genes. The FDR of a set of predictions is the expected percentage of false predictions in the prediction set.
Reverse Transcription (RT) and Real-Time PCR
First-strand cDNA was synthesized from total RNA using oligo dT primers and reverse transcriptase (Superscript III RT; Invitrogen). The relative expression of Notch1, Notch3, and Jagged1 was determined on a sequence detection system (ABI Prism 7900HT; PE Applied Biosystems, Foster City, CA), using previously described primers and TaqMan probes (Applied Biosystems). 21 The average threshold cycle (C t ) values for GAPDH were used as an endogenous reference to correct for differences in the amount of total RNA added to each reaction. To validate the relative quantitation, the efficiency of the target gene amplification was compared with the efficiency of the GAPDH amplification, as described in the manufacturer's protocol (PE Applied Biosystems). The comparative C t method was used for relative quantitation of the number of transcripts in normal subjects and patients with dry eye, with the relative mRNA levels in normal subjects selected as the calibrator. Statistical comparisons of the real-time PCR results were performed using unpaired Student's t-test (InStat; GraphPad Software, Inc., La Jolla, CA) and P Ͻ 0.05 was considered significant. A non-template control was included in all the experiments performed with real-time PCR to evaluate DNA contamination of the reagents used for amplification. None of the experiments resulted in a non-template control-positive signal, indicating that there was no DNA contamination in the assays. Conventional PCR experiments were performed to confirm that only a single band is obtained when amplifying conjunctival cDNA with the Notch1, Notch3, and Jagged1 primers used in this study.
Confocal Microscopy
For confocal microscopy experiments, sections from two conjunctival biopsy specimens collected for a previous study 11 were used. Cryostat sections (7 m) were incubated for 2 hours at room temperature with primary antibodies (diluted 1:50 in PBS) directed against the extracellular domain of Notch1, Notch 2, Notch 3, Delta1, and Jagged1 (Santa Cruz Biotechnology, Santa Cruz, CA), and for 1 hour in their corresponding FITC-labeled secondary antibodies (Jackson Immunoresearch Laboratories Inc., West Grove, PA) diluted 1:100 in PBS. Sections were mounted in mounting medium (Vectashield; Vector Laboratories; Burlingame, CA) with propidium iodide to localize the cell nuclei. Images were acquired with a laser confocal microscope (TSC-SP2; Leica Microsystems, Heidelberg, Germany) and digitalized using confocal software (LCS v2.61; Leica). Sections of normal colon served as positive controls. Sections incubated with secondary antibody alone served as negative controls.
RESULTS
Glycogene Profile of the Normal Human Conjunctival Epithelium
The custom-designed microarray (GLYCOv3) identified 424 glycogenes expressed in the normal conjunctival epithelium Figure 1 . The largest glycogene groups included several families of glycosyltransferases (29%), growth factors (14%), glycan degradation proteins (10%), and carbohydrate-binding proteins (9%). Mucins and Notch signaling molecules, which accounted for 4% and 3% of the glycogenes, respectively, were among the most highly expressed in human conjunctiva ( Table 1) .
Alteration of Glycogene Expression in Dry Eye
In our study, the amount of total RNA extracted from impression cytology samples of conjunctiva from normal subjects and patients with dry eye was comparable (3.7 Ϯ 0.8 g and 2.8 Ϯ 0.5 g, respectively) and varied between 1 and 10 g per sample. The expression of 46 glycogenes was significantly altered in dry eye ( 
Real-Time PCR Analysis of Notch Expression in Normal and Patients with Dry Eye
Previous results using tissue-specific gene targeting have demonstrated that Notch inactivation results in keratinization of the corneal epithelium in rodents, suggesting that Notch signaling is necessary to maintain the wet-surfaced phenotype of the ocular surface. 22 Therefore, our studies focused on the downregulation of Notch receptors and ligands in patients with dry eye. The differential expression of components of the Notch signaling pathway observed by microarray in these patients was confirmed by real-time PCR (Fig. 2A) . Three Notch genes were selected because they were the most significantly downregulated by microarray, and included two receptors (Notch1 and Notch3) and one ligand (Jagged1). As shown by real-time PCR, the expression ratios of Notch1, Notch3, and Jagged1 mRNA in the conjunctiva of patients with dry eye versus normal subjects was 0.43 (P ϭ 0.04), 0.56 (P ϭ 0.03), and 0.50 (P ϭ 0.02), respectively. This downregulation in Notch expression was in agreement with that observed by microarray analysis, with real-time PCR data showing more pronounced differences between patients with dry eye and controls (Fig. 2B) .
Immunolocalization of Notch in Human Conjunctiva
The distribution of Notch1, Notch2, Notch3, and their ligands Delta1 and Jagged1 was determined by confocal microscopy on human conjunctival biopsies (Fig. 3) . Antibodies against Notch1, Notch3, and Jagged1 bound throughout the entire normal conjunctival epithelium. Notch3 appears, therefore, to be specific to the conjunctiva at the ocular surface, since it has not been detected in corneal epithelium. 23 Antibodies to Notch2 and Delta1 bound predominantly to the apical layer of the conjunctival epithelium. In these experiments, intense cytoplasmic binding was observed, consistent with the intracellular trafficking of Notch receptors and ligands. 24 Binding of antibodies against Notch1, Notch2, Notch3, Delta1, and Jagged1 to sections of conjunctival epithelium from non-Sjögren's dry eye samples was weaker and did not differ in distribution from that observed in normal samples (data not shown). The expression ratio represents the geometric mean signal in conjunctiva of dry eye patients versus normal subjects. FDR, false discovery rate.
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DISCUSSION
In this study, a custom-designed glycogene chip microarray was used to identify glycogenes relevant to the synthesis of glycan structures and glycoconjugates in the conjunctival epithelium of normal subjects and patients with dry eye. In normal conjunctiva, 424 glycogenes encoding glycosyltransferases, growth factors, glycosidases, carbohydrate-binding proteins, nucleic sugar transporters, mucins, members of the Notch signaling pathway, and proteoglycans were identified. Patients with dry eye had an altered glycogene profile in their conjunctival epithelium. The expression of 46 genes was significantly reduced and included members of the Notch and Wnt signaling pathways, as well as heparan sulfate glycotransferases-glycogenes known to be involved in the maintenance of a wetsurfaced phenotype.
The human conjunctiva consists of a nonkeratinized squamous epithelium with goblet cells interspersed among the layers of stratified cells. Progression into dry eye disease is commonly characterized by increased proliferation in the conjunctival epithelium, goblet cell deficiency, and in severe cases, keratinization due to abnormal differentiation of the epithelium. 11, 25, 26 Recent evidence showed that cell fate decisions and differentiation processes in mucosal surfaces is determined by the Notch pathway. Histologic examination of the mouse cornea after inducible ablation of Notch1 showed extensive hyperplasia and keratinization of the epithelium, suggesting that Notch is necessary for the proper differentiation of the corneal epithelium. 22, 27 Subsequent human and murine studies using tissue localization and in vitro models to test the function of Notch and their immediate downstream targets (e.g., Hes1) are consistent with the role of Notch pathway in regulating differentiation and proliferation activities in the cornea. 23, 28, 29 To date, however, there are no data on the role of Notch signaling in conjunctival non-goblet and goblet cell epithelial differentiation. In the intestine of gut-inducible mutant mice, inactivation of Notch receptors Notch1 and Notch2, Notch O-fucosylation, and the Notch transcription factor CSL/RBP-J resulted in complete conversion of proliferating crypt progenitors into postmitotic goblet cells. 9, 30, 31 On the other hand, it has also been reported that activation of Notch1 in gut-inducible mutant mice increases the numbers of goblet cells. 8 This discrepancy seems to be explained by the role of Notch acting in opposing ways at two points in goblet cell developmentduring differentiation of progenitor and of postmitotic cells. 8 In the conjunctival epithelium, we hypothesize that decreases in Notch receptors and ligands play a role in the pathogenesis of dry eye by altering the development of non-goblet and goblet cells. Notch is known to interact with at least two other signaling pathways, Wnt and vitamin A. 7 Wnt proteins are secreted glycoproteins that elicit cellular responses through their assembly to a membrane receptor complex that includes the Frizzled receptors. 32 In our experiments, four members of the Wnt signaling pathway, Wnt4, Wnt5A, Frizzled6, and Frizzled7, were downregulated in dry eye. In addition to Wnt, Notch signaling is also linked to vitamin A metabolism by regulating the expression of cellular retinol binding protein 1 (CRBP1), required for retinol metabolism into retinoic acid. 27 It is well known that vitamin A levels influence the program of terminal differentiation of the cornea. It is, therefore, possible to speculate that Notch, Wnt, and vitamin A are part of a web of intersecting signaling pathways whose downregulation in dry eye alters the differentiation of the conjunctival epithelium.
Among other genes significantly downregulated in dry eye, 11 were glycosyltransferases. Three of those, HS2ST, HS3ST, and EXTL2, are involved in the modification of heparan sulfate, a glycosaminoglycan known to be present on epithelial cell surfaces. 33 On the cell surface, heparan sulfate can sequester secreted soluble ligands and modulate their activity, thus activating and inhibiting cell proliferation, motility, and differentiation. 33 Interestingly, HS3ST seems to be involved in the regulation of Notch signaling in Drosophila melanogaster. Reduction of HS3ST by siRNA compromised Notch signaling and affected the number and size of endosomal/lysosomal compartments, suggesting the role of 3-O sulfated heparan sulfate in intracellular trafficking of Notch. 34 In our study, we did not detect changes in overall expression of glycosyltransferases involved in mucin-type O-glycosylation. Mucins play a role in maintaining the wet-surfaced phenotype in mucosal surfaces by providing hydrophilic carbohydrate chains. 35 Our results confirm those by Imbert et al. 36 that showed no differences in the mRNA expression of polypeptide GalNAc-transferases-enzymes responsible for the initiation of mucin O-glycosylation-between the conjunctival epithelium of patients with dry eye and control groups. The analysis of mRNA expression levels alone could, however, provide a partial understanding of the role of mucin-specific glycosyltransferases in dry eye. Immunofluorescence analyses have shown an alteration in the distribution of polypeptide GalNAc-transferases as well as mucin-type O-glycans in the conjunctival epithelium of patients with dry eye, 13, 15 which suggests a compensatory mechanism by the epithelial cells to produce mucin-type O-glycans on the cell surface.
The only glycogene upregulated in dry eye was interferoninduced transmembrane protein 1 (IFITM1). IFITM1, whose expression can be induced by interferon-gamma (IFN-␥), encodes a cell surface protein known to influence cell differentiation. 37 Interestingly, production of IFN-␥ at the ocular surface has been implicated in the progress of dry eye disease. 38 Previous data in an experimental dry eye model suggested that IFN-␥ may affect conjunctival epithelial homeostasis and promote conjunctival squamous metaplasia. 39 Therefore, it is possible to speculate that biosynthesis of IFN-␥ in the conjunctiva of patients with dry eye could enhance the expression of IFITM1, which could, in turn, play a role in the abnormal terminal differentiation of the epithelium.
In conclusion, this study has identified the glycogene expression profile of normal human conjunctival epithelium and its alteration in patients with dry eye. Downregulation of members of the Notch signaling pathway-known to be involved in cell fate determination and differentiation-could compromise the integrity of the ocular surface. These findings may have relevance and therapeutic potential for the treatment of dry eye disease.
